This publication presents the results of a series of laboratory investigations on the DC ion current coupling between nearby AC and DC conductors, which is an important consideration in the design of hybrid AC/DC transmission towers. The corona activity depends on the surface condition of the conductor. Whether or not the conductors produced corona was controlled by selectively wetting them. This allowed a distinction of the observed effects into field interactions and space charge interactions. One key result is that the presence of an AC field alone does not have any effect on the DC ion current coupling. Corona activity on the AC conductor, however, may significantly increase DC ion current components in both conductors. Another important finding is that the DC current in the AC conductor for the case of corona activity on both conductors was significantly larger than the sum of the DC currents based on corona activity on either conductor individually. This indicates that the bipolar space charge environment between a coronating AC and DC line plays an important role in the ion current coupling.
Introduction

Motivation
Converting existing multi-circuit AC transmission systems into hybrid systems in which AC and DC conductors are on the same tower is an attractive option of increasing the capacity of existing corridors. Researchers and transmission system operators in Germany and Switzerland, for example, are investigating the possibility of converting one of the 400 kV AC circuits on an existing corridor to ±400 or ±500 kV DC circuit [1, 2, 3, 4] .
Such a conversion would lead to a number of new effects. The focus of this paper is on the DC ion current coupling between the AC and DC systems caused by corona phenomena. In the presence of a DC field component, space charges produced through corona at the surface of AC or DC conductors can drift in space and flow towards ground or to other conductors.
At ground level ion currents can lead to charging of objects and thus to undesirable spark discharges and human annoyance [5, 6, 7] . DC ion currents in AC phases lead to a stronger magnetization of transformers, which manifests itself in higher losses and noise emission [8] . The effect is similar to the wellreported phenomena of DC currents caused by geomagnetic induced currents (GIC) [9] .
In hybrid AC/DC transmission systems, the extend of the ion current coupling will primarily depend on the voltage level and the geometry of the tower, bundle and individual conductors. The most severe condition will presumably be tower geometries in which HVAC and HVDC conductors are on the same side of the tower, which may potentially lead to separation distances of less than 7 m [2] . The goal of this work is to contribute towards a prediction method for the ion current coupling for such cases.
Literature review
To the author's knowledge, the work by Chartier et al. represents the first investigation of hybrid AC/DC corona and field effects [10] . It contains analytical studies and indoor and outdoor laboratory investigations aimed at understanding the impact of hybrid AC/DC corona on factors such as audible noise (AN), radio interference (RI) and ground level electric fields. Both experimental setups (indoor and outdoor) consisted of a single DC conductor next to a single AC conductor. Their results showed that in the AC conductor the corona activity in the half-wave opposite to that of the applied DC voltage was enhanced. It also showed that during rainy weather, positive AC corona is the major source of audible noise and is enhanced by the presence of a negative DC pole. Based on the measurement results, it was concluded that AC corona effects, such as AN and RI, are not influenced by DC space charges but that the DC ion current coupling is.
Further experimental laboratory investigations of hybrid AC/DC corona phenomena were presented by Raghuveer in [11] . His laboratory setup consisted of two thin conductors suspended in parallel; a monopolar DC and a single phase AC setup. The aim of the investigations was to show corona behavior of a hybrid line in terms of corona current in the DC line and the injected DC current in the AC line as well as the electric field and ion current density at ground level. One of his objectives was to investigate the validity of the assumption that the AC conductors can be treated as grounded as suggested in the method of analyzing the ion interactions in hybrid AC/DC transmission systems presented in [12] . In [12] Maruvada and Drogi make the assumption that the AC conductors can be treated as grounded because the influence of the AC electric field on the ion trajectories is negligible and because corona on the AC conductors does not influence the space charge in the inter-electrode region. Raghuveer's concludes that in his laboratory setup energizing the AC conductor did lead to significant differences in the DC ion current coupling. The publication does not, however, give any answers as to whether this is due to the AC electric field or AC space charge effects. His experimental method did not allow the corona characteristics of the conductors to be controlled independently of the applied voltage.
The Ohio State University carried out further reduced-and fullscale hybrid AC/DC tests [13, 14, 15, 16] . Their most important results with regard to the ion current coupling in hybrid energization scenarios is that the DC corona onset voltage decreases with an increase of the AC voltage and as a result the DC conductor corona current is increased. Furthermore they found that the DC current component in the AC conductor also increases with applied AC voltage. In [15] it is found that these effects are weak if the AC voltage is below the AC corona onset voltage and high if it is above it.
The full-scale tests that were used to compare the results of the Ohio State University were carried out in conjunction with EPRI [17] . The results confirm that the DC corona current in the DC conductor increased when the voltage in the adjacent AC line was increased. It also confirms a lower corona onset voltage of the DC conductor for higher AC voltages.
Experimental approach
The paper presents the results of a series of indoor high voltage experiments on two parallel bundle conductors suspended in air in a horizontal arrangement. One of the conductors was energized with a variable DC voltage, while the other conductor was energized with a variable AC voltage. The height of the conductors above ground and the respective upper voltage limit were selected in a way that produced maximum surface gradients that correspond to those typically found on full-size towers. Since the highest corona currents are observed during rainy conditions [18] , experiments were carried out with dry as well as wet conductors. Water drops on the conductors significantly reduce the corona onset voltage and increase the current coupling.
The majority of the publications listed in Section 1.2 observed that an AC energized conductor does influence the DC ion current coupling between nearby AC and DC conductors. The existing literature, however, fails to answer the question as to whether this is due to electric field interactions or due to space charge interactions, or due to both. This paper presents the first known attempt at clearly separating the total magnitude of the DC current component in an AC conductor into two separate effects. The first effect is that of DC ion currents flowing from coronating DC conductors to the AC conductors. This effect was isolated by only wetting the DC conductor while keeping the AC conductor dry (and noncoronating). The second effect is caused by the drift of AC corona ions (produced at the AC conductor) in the superposed DC electric field. This leads to ions produced during one of the AC half-cycles to drift away from the AC conductor and, like the first effect, results in a time-averaged DC current component in the AC conductor. This effect was isolated by only wetting the AC conductor while keeping the DC conductor dry (and non-coronating). The innovative aspect of this work is thus the selective wetting of one or both conductors, which allows a binary control of the AC or DC corona activity independent from the applied voltages. 
Supply and measurement of electrical quantities 2.2.1 DC
The DC voltage was applied with a two-stage Greinacher cascade capable of producing up to ±280 kV. The voltage was measured on the high voltage side with a resistive voltage divider. An analogue-to-digital converter was used to read the voltages into the measurement PC. A programmable AC voltage source (0-220 V) was used to feed a high voltage transformer (220 V primary corresponding to 100 kV secondary).
The corona current was measured with a system developed by the ETH spin-off Kametech AG [www.kametech.com].
The system measures the voltage drop across a remotely adjustable resistor that is placed in series between the DC cascade and the test object. The results are transmitted to the measurement PC via optical cables. All quantities were measured with a repetition rate of 1 Hz. For the total corona current a low-pass filter with a cut-off frequency of 1 Hz was used.
AC
The AC voltage was generated using a two-stage setup of the same high voltage transformer used in the DC cascade. A maximum no-load voltage of 200 kV rms could thus be applied. The voltage was measured using a calibrated capacitive voltage divider. The corona currents in the AC conductor were measured with the same system as those in the DC conductor.
Rainfall simulation
The DC-energized bundle was placed underneath a rainfall simulator. This simulator was constructed by Straumann [19] based on the design presented in [20] . Water is supplied to an approximately 4x0.6 m drop production array located at the 10 m high ceiling via the mains water supply. The array is fitted with approximately 500 hollow needles from which drops fall towards ground periodically. The falling drops are dispersed with a grid suspended 4 m above ground (cf. Figure 2 ). This reduces the mean drop size and increases the drop size distribution, bringing it closer to the characteristics of natural rainfall [20] . At ground level the water is collected in an 8x3x0.1 m pool. A throttling valve is used to adjust the rain intensity. The total flow rate of the water going into the system is digitally recorded. For measurements indicated as "DC wet", the flow rate was adjusted such that the ground level rain intensity was approximately 16 mm/h.
The width of the rain simulator did not extend to the ACenergized bundle. For measurements indicated as "AC wet", the AC-energized bundle was therefore manually sprayed with water using a pressure sprayer bottle. Each sub-conductor was sprayed individually along a length of approximately 4 m. Using variables 3 and 4, it was possible to switch between cases in which the respective conductors showed close to no corona activity and very intense corona activity (for maximum AC and DC voltages and d=3.09 m).
For "DC constant" measurements, the DC voltage was set to −220 kV (negative polarity was chosen arbitrarily) and the AC voltage was varied between 0 and 160 kV rms . The Laplace surface field strength on the DC conductor for this range of AC voltages was between 21.9 and 23.8 kV/cm (bundlemaximum). The corresponding range of surface field strengths for the AC conductor was between 3.1 and 25.4 kV/cm (bundle-maximum, peak).
For "AC constant" measurements, the AC voltage was set to 150 kV rms and the DC voltage was varied between 0 and approximately 220 kV. The Laplace surface field strength on the DC conductor for this range of DC voltages was between 2.8 and 23.7 kV/cm (bundle-maximum). The corresponding range of surface field strengths for the AC conductor was between 23.1 and 23.8 kV/cm (bundle-maximum, peak).
All field values mentioned are based on the assumption of round and smooth subconductors.
Procedure
The following list describes the test procedure for a measurement with constant AC voltage. Measurements with constant DC voltage follow the same procedure with the exception that the AC voltage is varied (manually) and the DC voltage is set to a constant value.
1. For "DC wet": Start rain and set to chosen intensity.
2. Wait approximately one hour.
3. For "AC wet": Manually spray water on AC line.
4. Record corona currents for 30 s without applying any voltage in order to determine offsets.
5. Set the desired AC voltage manually.
6. Start the automatic DC voltage ramp (10 kV steps, hold for 10 seconds) up to the desired value and record quantities.
Results
Constant DC voltage: unfiltered corona currents in DC conductor (AC dry, DC wet)
This first set of results shows examples of the unfiltered corona current wave-form in the DC conductor for various applied AC voltages on the parallel conductor. The DC conductor was wet in this measurement, so that significant corona currents of around 120 μA/m were measured. The AC conductor was dry and current measurements as well as UV observations showed that there was no corona activity. Figure 4 shows that the application of an AC voltage to the parallel conductor significantly alters the current wave-form in the DC conductor but does not affect the mean value averaged over a 50 Hz cycle. All four mean values are nearly identical, which is the reason why in Figure 4 only the mean value for the 150 kV measurement is visible (the other three mean values coincide). Without an AC voltage, a small 100 Hz ripple can be observed which is due to the ripple of the DC cascade. An increasingly larger AC voltage leads to an increasingly larger symmetric 50 Hz component due to capacitive coupling from the AC conductor.
In subsequent measurements an integrated hardware low-pass filter was used to eliminate 50 and 100 Hz components (first order filter with a cut-off frequency of 1 Hz). The measurements for a separation distance of 3 m show that the DC currents in both conductors are independent of the applied AC voltage for the entire voltage range. Observations with a UV camera confirmed that there was no corona activity on the dry AC conductor for d = 3.09 m. For this measurement series, the DC currents in the AC line are thus the collected ion currents that are produced at the DC conductor (approximately 2% of the total ion current produced at the DC conductor is collected at the AC conductor).
For d = 2 m, on the other hand, there is a distinct knee point at 100 kV rms . For voltages above this value, the DC current in both conductors starts increasing with increasing AC voltage.
It is interesting to note that between 100 kV rms and 160 kV rms the absolute current increase in both conductors is nearly identical (≈ 15 μA/m). Observations with a UV camera showed that for this separation distance, 100 kV rms coincides with the corona onset voltage of the dry AC conductor. 
Constant DC voltage: DC corona currents in AC and DC conductor (AC wet, DC wet)
This section presents results in which the measurements shown in Section 4.2 were repeated with the difference that both conductors were wet, which is a more realistic case for an actual hybrid AC/DC transmission tower.
As shown before, a coronating AC line can have a significant impact on the DC coupling currents. Therefore, due to enhanced corona under rainy conditions, it is of interest to investigate the same setup with a wet AC line which corresponds to a realistic case concerning ion coupling. It is obvious that in normal operation one would expect both lines to be wet and thus coronating.
The water drops sprayed onto the AC conductor have the effect of significantly lowering the corona onset of the AC conductor. The result is that even for d = 3.09 m the DC currents in both conductors are no longer independent of the AC voltage, as can be seen in Figure 6 . Figure 6 (b) shows that in this scenario the corona onset voltage lies between 50 kV rms and 100 kV rms (the large voltage steps in this measurement do not allow for a more precise quantification). UV observations confirm that starting from 100 kV rms positive as well as negative corona discharge forms were visible on the AC conductor (i. e. positive streamers and negative glow corona).
The absolute difference in the DC current component between the "AC dry" and "AC wet" measurements is again nearly the same in the AC and DC conductors (e.g. ≈ 14 μA/m for 150 kV rms ). At V AC =150 kV rms , this corresponds to an approximately 12% increase of the DC current component in the DC conductor and a 470% increase of the DC current in the AC conductor. This means that DC currents in the AC conductor are not only the result of the collection of ion currents from the coronating DC conductor, but are also caused by a mechanism that requires the AC conductor itself to be above its corona inception voltage. Figure 7 shows the DC current in the DC conductor as function of the applied DC voltage. The black data points are for the case of a de-energized AC conductor, red ones for a dry AC conductor at 140 kV rms and the blue ones for a wet AC conductor also at 140 kV rms . The figure indicates that the presence of the AC voltage has a negligible influence on the V-I corona characteristics, and in particular on the corona onset voltage, of the DC conductor. The presence of AC corona on the other hand, as is the case for the "AC wet" measurements, leads to lower corona onset voltage and higher corona currents in the DC conductor. Additional experiments were carried out with a constant AC voltage of either 0 kV rms or 150 kV rms and a variable DC voltage. These experiments distinguish themselves from the results presented so far in that the combination "AC wet, DC dry" was included. The objective was to allow the quantification of the DC current component in the AC conductor if the DC conductor does not produce any corona at all (but is energized). • The blue curves show the respective currents for the case in which both lines are wet and the AC conductors is energized. This scenario has the highest relevance to practical situations since rain would equally affect both systems. The DC currents in the DC line are negligible until about 100 kV (Figure 8(a) ), above which they increase sharply with an increase in the DC voltage. The currents in the AC line (Figure 8(b) ) have a measurable DC component starting from around -20 kV. The DC component increases slightly with an increases in the voltage until about -100 kV, from which point on it increases exponentially.
Constant AC voltage: influence of AC conductor on DC onset voltage
• The red curves are based on the same conditions as the blue one, with the exception that the AC conductor is deenergized (0 kV rms ). The DC currents measured in the DC conductor are slightly lower compared to the case of an energized AC conductor. The DC currents in the AC conductor are zero up to the corona onset of the DC conductor at around 100 kV (UV observations confirmed that the first discharges on the DC conductor occurred at this voltage). This means that the red curve in Figure 8 (b) represents the collection of ion currents from the DC conductor.
• Finally, the green curves are based on a measurement in which the DC conductor was dry. The AC conductor was wet and energized. Figure 8(a) shows that the DC currents in the dry DC conductor remain very low for the entire voltage range. Small DC currents were measured for high voltages. Interestingly, they correspond in magnitude to the DC currents measured in the AC conductor (opposite polarity). The pink curve in Figure 8(a) shows the same measurement with a de-energized AC conductor and demonstrates that without the energized AC conductor there are essentially no DC currents at all in the DC conductor. This means that the green curve in Figure 8 
Interpretation and discussion
Both groups of experiments, those with constant DC and those with constant AC voltage, delivered consistent and similar results. Nevertheless, they will be discussed separately for increased clarity in line with the structure of the results section.
The conclusion section will then jointly discuss the most important results from all presented measurements.
Constant DC voltage measurements
The results presented in Sections 4.1, 4.2 and 4.3 showed that the presence of an energized AC conductor in the vicinity of a coronating DC conductor does neither influence the average DC corona currents produced at the DC conductor nor the DC ion currents collected at the AC conductor unless the AC conductor itself is producing corona. Figure 4 showed that the instantaneous corona currents in the DC conductor do oscillate sinusoidally at the frequency of the AC conductor but the mean values are not affected by the voltage magnitude of the (non-coronating) AC conductor.
It can therefore be concluded that the mere presence of an AC electric field component does not affect the ion current coupling between nearby HVAC and HVDC systems. If, however, the AC conductor's voltage is above its corona onset voltage, the DC field offset on its surface leads to a significant increase in its DC current component. That is, in addition to the DC ion currents flowing from the DC conductor to the AC conductor, there is also a time-averaged DC ion current production on the AC conductors. Even though corona of both polarities was observed on the AC conductors, only the ions that are opposite in polarity to the polarity of the DC conductor will drift away from the AC conductor towards the DC conductor. These ions follow the DC field lines towards the DC conductor and are recorded there as an increase in the DC current. Thus, as can be seen in Figures 5 and 6 , the absolute value of the increase in DC corona currents in the two conductors is identical.
Constant AC voltage measurements
The knowledge that DC ion currents originate from both, the DC as well as the AC conductor, leads to the question of how much each mechanism contributes to the total DC corona currents registered in the conductors. The experiments in Section 4.5 attempted to answer this question by isolating each effect. The three main measurement scenarios presented in Figure 8 are illustrated in Figure 9 together with the presumed movement of space charges outside the ionization zone of the two conductors. Figure 9 (a) shows the realistic case with both conductors energized and wet. Space charges of opposite polarity drift away from the respective ionization zones and towards the opposite conductor or are recombined and neutralized with an ion of opposite polarity.
Figure 9(b) shows the case in which only the DC conductor is energized and wet. In this case it was decided to ensure that the AC conductor does not coronate by leaving it grounded. The same effect could also have been achieved by keeping it dry and energized (as evidenced by the results in Figure 5 ). This would have been more consistent with the experimental scenario of Figure 9 (c) and will be investigated in future experiments. Nevertheless, this scenario can be considered an isolation of the effect of DC space charges drifting from the DC conductor to the AC conductor.
Finally, the case depicted in Figure 9 (c) is an isolation of the effect of a time-averaged DC ion current drifting from the AC conductor to the DC conductor. This was achieved by applying a DC voltage but ensuring that the DC conductor does not produce any corona itself (by keeping it dry).
The most noteworthy result is that the sum of the DC currents observed in isolation in the cases depicted in Figure 9 (b) and 9(c) are significantly lower than those in the case depicted in Figure 9 (a). That is, the sum of the red and green curve in Figure 8(b) is significantly lower than the blue curve. A possible explanation of this are recombination processes in the interelectrode region. Recombination leads to a removal of space charges and thereby a weakening of the shielding that the space charge zones provide to their respective electrodes. This in return would lead to higher surface field strengths and more charge generation. According to a hypothesis frequently employed in the numerical analysis of corona, the rate of charge generation at the coronating electrode is such that the space charge density distribution reduces the surface field strength to its corona onset value. This is commonly referred to as Kaptzov's assumption [21, 22, 23, 24] . If one accepts this assumption, it could follow that a higher rate of charge removal (due to recombination) would require a higher rate of charge generation in order for the surface field to remain at its onset value. An additional hypothesis is that even if recombination is neglected, the presence of space charges of opposite polarity to those of the respective emitting electrodes reduces the shielding effect that the emitted ions have (in the case of AC, the "polarity of the electrode" refers to the polarity opposite to the neighbouring DC polarity in this context). In line with Kaptzov's assumption it would equally follow that more ions are generated at the conductor surfaces in order to maintain the onset field strength. To which extend these two hypothetical effects are responsible for the observed phenomena, or if yet other mechanisms play a role, cannot be assessed with the collected data.
An implication of this effect is that in the planning of hybrid AC/DC overhead lines it may not be sufficient to assess the ion current coupling from DC conductors to a grounded or non-coronating AC conductor, as is currently state of the art in ion flow simulation tools used for hybrid AC/DC fields [12, 25, 26, 4] and which has been the focus of recent field measurements [27, 2] . It also shows that a model that attempts to separately calculate the DC drift of ions produced at coronating AC conductors will not be accurate. The bipolar nature of the space charge environment between an AC and a DC conductor will have to be considered, including effects caused by ion recombination.
Another practical implication of these findings is that the geometric orientation of AC phases relative to the position of DC poles plays an important role. As a general guideline, DC poles should be positioned in a way that minimizes the DC electric field components on AC conductors, in order to reduce DC current components in the AC phases. 
Conclusion
The presented experimental data shows that the presence of an HVAC conductor in the vicinity of a coronating HVDC conductor does not influence the DC ion current coupling between the two conductors as long as either of the two conductors is not coronating. If, however, both conductors are coronating, the DC current components in the AC and DC conductors increase significantly. For the investigated laboratory setup the DC current in the AC conductor was approximately a factor of five higher for the case of both conductors coronating compared to the case of only the DC conductor coronating (for realistic operating surface field strength but unrealistic small separation distances).
An explanation for this observation is that the DC field leads to the enhancement of the AC peak surface field in one of the half-cycles (opposite polarity to that of the nearby DC conductor) and suppresses it during the other half-cycle. Additionally, space charges produced at the AC conductor during this halfcycle drift far enough in the superposed DC field that the net force acting on them at the time of AC polarity reversal is still in the direction of the DC conductor. The result is a timeaveraged DC corona current originating at the AC conductor.
DC corona currents from the AC conductor were even observed in the absence of corona production on the DC conductor (with a dry, non-coronating DC conductor and a wet AC conductor). Interestingly, the sum of the current observed for this set-up (i.e. DC current production only at AC conductor) and that observed in a measurement in which the AC conductor was grounded (i.e. DC current production only at DC conductor) was significantly lower than the DC currents measured in the AC conductor for the combination of the two effects (i.e. both conductors energized and wet). This paper suggests that this difference is due to effects related to space charge recombination.
To the author's knowledge, the effects that were observed in the presented set of experiments (specifically those related to AC corona in a hybrid AC/DC environment) are currently not considered in any existing simulation framework. Further experimental and theoretical efforts are necessary to get a better understanding of the observed effects and to develop prediction methods. In a first step, it would be interesting to investigate the severity of the observed effects for full-scale tower geometries. An extrapolation based on the presented laboratory data bears too many uncertainties and is not recommended.
